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Edited by Vladimir SkulachevThis work is dedicated to the memory of Ron Butow.Abstract To investigate the role of catalase and superoxide dis-
mutase (SOD) in the acetic acid (AA) induced yeast pro-
grammed cell death (AA-PCD), we compared Saccharomyces
cerevisiae cells (C-Y) and cells individually over-expressing cat-
alase T (CTT1-Y) and Cu,Zn-SOD (SOD1-Y) with respect to
cell survival, hydrogen peroxide (H2O2) levels and enzyme activ-
ity as measured up to 200 min after AA treatment. AA-PCD
does not occur in CTT1-Y, where H2O2 levels were lower than
in C-Y and the over-expressed catalase activity decreased with
time. In SOD1-Y, AA-PCD was exacerbated; high H2O2 levels
were found, SOD activity increased early, remaining constant en
route to AA-PCD, but catalase activity was strongly reduced.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Programmed cell death (PCD) is an active form of cell death
in which a regulated sequence of events leads to the elimination
of old, unnecessary and unhealthy cells. PCD is a widespread
phenomenon occurring in a variety of cells of mammals, plants
and unicellular organisms. A common feature of cells undergo-
ing PCD is the production of reactive oxygen species (ROS).
ROS can either activate pathways aimed at saving the cell from
demise or impair the cellular redox balance and trigger PCD
[1].
The yeast Saccharomyces cerevisiae is a good model to inves-
tigate how PCD takes place, in fact it can undergo PCD in re-
sponse to diﬀerent stimuli including acetic acid (AA) treatment
[2,3]. In yeast PCD, ROS production occurs, regulated by the
cell antioxidant system, including catalase and superoxide dis-
mutase (SOD) [4–7]. It was shown that catalase T (CTT1) is
not essential for yeast cells under normal conditions, but playsAbbreviations: AA, acetic acid; AA-PCD, acetic acid-induced PCD;
CHX, cycloheximide; CTT1, catalase T; DCF, dichoroﬂuorescein; H2-
DCF-DA, 2,7-dichlorodihydroﬂuorescein diacetate; H2O2, hydrogen
peroxide; PCD, programmed cell death; SOD, superoxide dismutase
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doi:10.1016/j.febslet.2007.12.007a protective role under severe stress condition [8,9]. Consis-
tently, it was shown that acetic acid-induced PCD (AA-
PCD) occurs under conditions in which there is no catalase
activity and hydrogen peroxide (H2O2) levels increase, whereas
catalase activity with no H2O2 increase results in AA-PCD pre-
vention [10,11]. On the other hand, whether and how Cu,Zn-
SOD (SOD1), whose major role is defense against oxidative
stress [12], participates in yeast AA-PCD has not yet been
investigated. Thus, we study the role of catalase and SOD in
AA-PCD in cells in which CTT1 and SOD1 were individually
over-expressed. We show that CTT1 over-expression com-
pletely prevents AA-PCD with a reduction of intracellular
H2O2 levels; contrarily, as a result of SOD1 over-expression,
AA-PCD is exacerbated with the simultaneous catalase
impairment and increased intracellular H2O2 levels. Moreover
both catalase and SOD activities change with time after AA
treatment, showing that they play a major role in yeast en route
to AA-PCD.2. Materials and methods
2.1. Strains and growth conditions
The Saccharomyces cerevisiae strain used in this study was W303-1B
(MATa ade2 leu2 his3 trp1 ura3). Yeast cells were transformed with
recombinant multi-copy plasmids pYES2/GS-SOD1 or pYES/GS-
CTT1 [13], carrying CTT1 and SOD1 genes, respectively, which allows
the inducible expression of the proteins under the control of GAL1/
GAL10 promoter. Yeast transformation was carried out as described
by Chen et al. [14] and transformants carrying the desired plasmid were
grown at 30 C in a synthetic medium Yeast Nitrogen Base (Difco)
with Drop out-mix (Sigma–Aldrich) plus the auxotrophic amino acid
supplement and 2% galactose as carbon source (SCG). Plasmids used
carry the URA3 gene and uracil was thus used as selection marker. The
yeast strains obtained were named CTT1-Y and SOD1-Y, respectively.
Control cells (C-Y) were transformed with wild type pYES/GS vector.
As a result of the over-expression, CTT1-Y and SOD1-Y showed cat-
alase and SOD activities 9- and 3-fold higher than C-Y, respectively.
2.2. Acetic acid treatment
Cells were grown up to exponential phase (OD600 = 0.6–0.8) in syn-
thetic medium pH 7.0 at 30 C, at 150 rpm. This medium was adjusted
to pH 3.0 (set with HCl) with or without 80 mM acetic acid. Cells
(107 cells/ml) were incubated for diﬀerent times at 26 C as in [15].
Cycloheximide (Sigma–Aldrich) was added to yeast cell cultures grown
to OD600 = 0.5–0.6 at a ﬁnal concentration of 100 lg/ml and incubated
for 30 min before acetic acid treatment. Cell survival was determined
as in [15].blished by Elsevier B.V. All rights reserved.
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N. Guaragnella et al. / FEBS Letters 582 (2008) 210–214 2112.3. Assay of catalase and superoxide dismutase activities
This was done as in [10]. Protein concentration was determined
according to the method of Waddel and Hill using bovine serum albu-
min as a standard [16].
2.4. Fluorescence microscopy analysis
Intracellular H2O2 was detected with the H2O2-sensitive ﬂuoro-
phore 2,7-dichlorodihydroﬂuorescein diacetate (H2-DCF-DA; Molec-
ular Probes) [17]. H2-DCF-DA (10 lg/ml), dissolved in absolute
ethanol, was added to yeast cell cultures both 30 min before and dur-
ing treatment with or without acetic acid. 108 cells were collected at
diﬀerent times and resuspended in water. Live cells were then ob-
served on an Axioplan 2 microscope (Zeiss) equipped with a UV
HBO 50/AC lamp and a 100· objective. Emission of ﬂuorescence
due to oxidation of H2-DCF-DA was detected using BP 450-490
and BP 515-565 excitation and barrier ﬁlters, respectively. Digital
images were acquired with a CCD camera Axiocam using Axio
Vision software.
2.5. Statistical analysis
Experimental data are expressed as means ± S.D. Statistically
signiﬁcant diﬀerences between mean values were determined using
the ANOVA and Bonferroni test.Fig. 1. Survival of CTT1-Y, C-Y and SOD1-Y during AA treatment.
CTT1-Y (r), C-Y (d) and SOD1-Y (m) were treated with 80 mM AA
as described in Section 2 in the absence (close symbols) or in the
presence of CHX (open symbols). At indicated times, cell survival was
analyzed by measuring colony-forming units (cfu) after 2 days of
growth at 30 C. Cell survival (100%) corresponds to the cfu at time
zero. Reported values are the mean of three independent experiments
with standard deviations.3. Results
3.1. CTT1-Y, C-Y and SOD1-Y survival and the eﬀect of AA
treatment
To investigate how catalase and SOD participate in
AA-PCD, CTT1-Y, C-Y and SOD1-Y were exposed to AA
(80 mM). Since CTT1 and SOD1 genes were under the control
of a galactose-inducible promoter, in distinction with [6,10], we
used SCG medium (see Section 2). In the absence of AA,
CTT1-Y and SOD1-Y did not diﬀer from one another or from
C-Y with respect to cell growth up to 200 min (not shown),
showing that the over-expression of the CTT1 and SOD1 genes
was not per se detrimental.
We then checked whether AA treatment of C-Y results in
PCD. In distinction from [6,10], where death was complete
200 min after AA addition, cell viability decreased only by
40% at 200 min. However, as expected in the case of
AA-PCD [6,15], cycloheximide, which can inhibit protein syn-
thesis, partially prevented cell death (80% survival at 200 min)
(Fig. 1). Thus, to ﬁnd out whether individual CTT1 and SOD1
over-expression can aﬀect AA-PCD, CTT1-Y and SOD1-Y
viability was analyzed up to 200 min after AA treatment.
No AA-PCD was found in CTT1-Y either in the absence
(Fig. 1) or presence of cycloheximide (not shown). In
SOD1-Y, AA-PCD was exacerbated with respect to C-Y with
20% cell survival after 200 min this eﬀect being largely pre-
vented by cycloheximide (80% survival).
3.2. H2O2 levels in CTT1-Y, C-Y and SOD1-Y and the eﬀect of
AA treatment
Comparison was made between CTT1-Y, C-Y, and SOD1-Y
with respect to H2O2 levels as a function of time (Fig. 2). To
detect H2O2, we used H2DCF-DA which can enter the cell
where it is hydrolyzed by intracellular esterases to H2DCF.
H2DCF is then oxidized by H2O2 to the green ﬂuorescent
DCF. As a result of AA addition, (but not at pH 3.0), in the
30–150 min time range H2O2 was detectable in all the cells even
if at diﬀerent levels (Fig. 2A). About 50% and 58% of C-Y and
SOD1-Y, respectively were DCF positive at 30 min with no
signiﬁcant changes with time. By comparison, about 40% ofCTT1-Y were DCF positive at 30 min, decreasing to 20% at
150 min. Maximum and minimum H2O2 levels were found in
SOD1-Y and CTT1-Y, respectively (Fig. 2B).
3.3. Variation of catalase and SOD activities in CTT1-Y, C-Y
and SOD1-Y with time and the eﬀect of AA treatment
Since the levels of H2O2 are dependent on the cell antioxidant
system, catalase and SOD (which remove and produce H2O2,
respectively) were investigated in CTT1-Y, C-Y and SOD1-Y.
As AA treatment is performed at pH 3.0, catalase and SOD
activities were measured as a function of time under two diﬀer-
ent conditions, that is, in the absence or in the presence of AA.
After pH shift from 7.0 to 3.0 no change in catalase activity was
found in any of the cells. The situation was diﬀerent for SOD
activity: about 1.5-fold increase in SOD1-Y and about 4-fold in-
crease in C-Y and CTT1-Y were found (not shown).
In the absence of AA, catalase activity in CTT1-Y was found
to increase signiﬁcantly with time reaching a maximum at
200 min; in C-Y, catalase activity increased (3-fold) at 30 min
and afterwards remained essentially constant; in SOD1-Y, cat-
alase activity increased (4-fold) at 30 min, but progressively de-
creased (Fig. 3A). Notice that catalase activities in SOD1-Y
were lower with respect to C-Y at all times analyzed.
In the presence of AA, a huge decrease in catalase activity
was found in CTT1-Y up to 60 min, after which it remained
constant; in C-Y, catalase activity decreases up to 30 min
and afterwards remained constant; in SOD1-Y, a decrease of
catalase activity was found (3-fold lower than C-Y) and the
level did not change up to 200 min (Fig. 3B).
In the absence of AA, SOD activity in CTT1-Y did not diﬀer
with respect to C-Y; in both cases SOD activity progressively
decreased with time: at 200 min it was reduced by about
50%. In SOD1-Y, SOD activity was essentially constant up
to 60 min, then progressively decreased (Fig. 4A).
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Fig. 2. H2O2 levels in CTT1-Y, C-Y and SOD1-Y. CTT1-Y, C-Y and SOD1-Y were incubated with H2DCF-DA in the absence or in the presence of
AA. Cells were collected and H2O2 was detected by ﬂuorescence microscopy as described in Section 2. (A) Representative pictures of CTT1-Y, C-Y
and SOD1-Y collected at indicated times of AA treatment or at 30 min in the absence of AA (pH 3.0); DIC, diﬀerential interference contrast. (B) %
DCF positive cells during AA treatment in CTT1-Y (black bars), C-Y (white bars) and SOD1-Y (grey bars). To determine the percentage of positive
cells, at least 300 cells were evaluated for each sample and for each time analyzed in two independent experiments.
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activity was already reduced at 30 min and remained constant.
In SOD1-Y, SOD activity did not change signiﬁcantly up to
200 min (Fig. 4B).4. Discussion
This paper reports the ﬁrst investigations on whether and
how the activities of catalase and SOD, a major part of the cell
antioxidant system, can change in yeast cells subjected to AA
treatment leading to AA-PCD. Since we have already estab-
lished that in dextrose [10] as well as in galactose rich medium
[unpublished] AA-PCD occurs in yeast with no detectable cat-alase activity, we did not consider it worthwhile in the present
work to investigate catalase T deletion. Rather, we used cells in
which both catalase and SOD were individually over-ex-
pressed. This required experimental conditions not previously
used in AA-PCD, namely synthetic medium with galactose
as carbon source (see Section 2), but it was shown that AA-
PCD occurred also under these conditions even if to a lower
degree compared with the same cells grown in rich medium
with dextrose as carbon source [10]. Unfortunately, use of en-
zyme inhibitors previously employed in studies of mammalian
PCD [18] was not possible in the present work because of their
deleterious eﬀects on yeast metabolism [19,20].
We show here that CTT1 over-expression protects cells
against AA-PCD thus conﬁrming that H2O2 is strictly needed
AB
Fig. 3. Catalase activity in CTT1-Y, C-Y and SOD1-Y. Catalase
activity was determined in CTT1-Y (light grey bars), C-Y (white bars)
and SOD1-Y (dark grey bars) in the absence (A) or in the presence of
80 mM AA (B). Means of three experiments are reported with the data
analyzed according to ANOVA and Bonferroni test: (*), (+) and (**),
(++) refer to P < 0.05 and to P < 0.001, respectively. Comparison was
made both for each cell type as a function of time (* on the bar top)
and among the cell types (+ on the bar side). (A) Diﬀerence was found:
for CTT1-Y between activity at 0–30 min vs. 60–200 min and at 60 vs.
200 min; for C-Y between activity at 0 min vs. all the times and at
30 min vs. 60–120 min; for SOD1-Y between activity at 0 min vs. all
the times and at 30–60 min vs. 120–200 min. Activities were diﬀerent
for CTT1-Y with respect to C-Y and for C-Y with respect to SOD1-Y
at each time. (B) Diﬀerence was found: for CTT1-Y between activity at
0 min vs. all the times and at 30 min vs. 0 and 60–200 min; for C-Y
between activity at 0 min vs. all the times. No statistically signiﬁcant
diﬀerences were found when comparing SOD1-Y at each time with the
preceding time. Activities were diﬀerent for CTT1-Y with respect to
C-Y and for C-Y with respect to SOD1-Y at each time.
A
B
Fig. 4. SOD activity in CTT1-Y, C-Y and SOD1-Y. SOD activity was
determined in CTT1-Y (light grey bars), C-Y (white bars) and SOD1-
Y (dark grey bars) in the absence (A) or in the presence of 80 mM AA
(B). Means of three experiments are reported with the data analyzed
according to ANOVA and Bonferroni test: (*), (+) and (**), (++) refer
to P < 0.05 and to P < 0.001, respectively. Comparison was made both
for each cell type along time (* on the bar top) and among the cell
types (+ on the bar side). (A) Diﬀerence was found: for CTT1-Y
between activity at 0 min vs. 60–200 min and at 30 vs. 200 min; for C-Y
between activity at 0 min vs. 120–200 min. No statistically signiﬁcant
diﬀerences were found when comparing SOD1-Y at each time with the
preceding time. Activities were diﬀerent for SOD1-Y with respect to
CTT1-Y or C-Y at 30–200 min. No statistically signiﬁcant diﬀerences
were found when comparing CTT1-Y with C-Y at each time. (B)
Diﬀerence was found: for CTT1-Y between activity at 0 min vs. all the
times. No statistically signiﬁcant diﬀerences were found when com-
paring C-Y or SOD1-Y at each time with the preceding time. Activities
were diﬀerent for SOD1-Y with respect to CTT1-Y or C-Y at 30–
200 min.
N. Guaragnella et al. / FEBS Letters 582 (2008) 210–214 213for AA-PCD to occur [10,11]. One could argue that protection
does not occur at 30 min after AA treatment when the number
of positive CTT1-Y cells is cut only by half (as compared to C-
Y cells) with a 10-fold increase in catalase activity. The origin
of this eﬀect must remain a matter of speculation: we considerit possible that, as shown in cerebellar granule cells [18] and in
other systems [21], an initial burst of reactive oxygen species
including H2O2 occurs, so huge that cannot be prevented by
CTT1-Y catalase activity.
214 N. Guaragnella et al. / FEBS Letters 582 (2008) 210–214Since intracellular pH during AA-PCD is probably in the
5.0–6.0 pH range, the question arises as to whether in this pH
range SOD1, whose pH optimum in a number of other organ-
isms is above neutral, is still active. We have conﬁrmed that in
5–6 pH range SOD1 is still active with about 20% decrease with
respect to pH 7.8. Thus in AA-PCD SOD1 overexpression is
accompanied both by SOD activity and by downregulation of
CTT1 transcription. Moreover, we have determined the eﬀect
of AA treatment on catalase and SOD activities as a function
of time (compare panels A and B of Figs. 3 and 4). AA treat-
ment results in general catalase impairment, perhaps via the
intracellular acidiﬁcation that occurs in cells at pH 3.0 when
treated with AA [22], but not in cells grown at pH 3.0 without
AA, where a membrane proton pump maintains the internal
pH close to neutrality [23]. Since this inhibition increases with
time, at least in the ﬁrst 30 min of AA-PCD, we speculate that
it is due to a gradual increase of intracellular H+ concentration.
Surprisingly enough catalase impairment is fast in SOD1-Y.
Since SOD over-expression in SOD1-Y is moderate, it might
be that the higher sensitivity of this strain to AA is more related
to the decrease in catalase activity (Fig. 3), than to an increase
in SOD activity (Fig. 4). Unfortunately, we could not analyze
CTT1 protein levels because antibodies against yeast CTT1
are not available. However, in the light of [18], in which we
show that the antioxidant system is subjected to proteasome-
dependent proteolysis, we suggest that protein degradation
and/or enzyme inactivation could occur also in yeast. Proteo-
lytic systems such as proteasomes or caspase-like proteins, i.e.
Yca1p, which is known to be activated during AA-PCD [15],
might participate in catalase degradation. In this context it is
signiﬁcant that PCD in mouse cell lines occurred as a result
of selective catalase degradation [24]. On the other hand,
SOD activity increases in AA treated cells. This occurs mark-
edly in late AA-PCD, probably due either to copper chaperone
CCS-dependent Cu2+ loading of SOD1 apoenzyme [25] and/or
to SOD modiﬁcation caused by late processes possibly includ-
ing Yca1p activation [15].
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